PURPOSE. To validate a method for visual field (VF) progression analysis, called ANSWERS (Analysis with Non-Stationary Weibull Error Regression and Spatial Enhancement), which takes into account increasing measurement variability as glaucoma progresses and spatial correlation among test locations.
M anagement of glaucoma relies on visual field (VF) measurement using standard automated perimetry (SAP), which assesses differential light sensitivity (DLS) across a subject's field of view. 1 Accurate and precise assessment of VF change over time is essential for appropriate clinical management of glaucoma so that patients whose condition is worsening receive prompt treatment intervention while those with a stable condition are not overtreated. Currently, however, VF measurement is highly imprecise and has complex statistical properties, which make monitoring changes in VF challenging.
Clinical evaluation of glaucomatous change in VF series can be supported by analytical algorithms. Probability of change and rate (velocity) of change can be derived from these algorithms. These two parameters can be estimated with methods known as trend analyses. Pointwise linear regression (PLR), the most widely used trend analysis, fits an ordinary linear regression model for each location in the VF and assesses the significance and slope of the fit. 2 Summary measures, such as mean deviation (MD) from the average DLS of healthy eyes, are also often used in trend analysis; but, since glaucoma tends not to affect all locations to the same extent, global indices often have inadequate statistical sensitivity to detect worsening compared with methods assessing deterioration at individual locations. 3 Permutation analyses of pointwise linear regression (PoPLR), 4 a recent advance in PLR trend analysis, involves a random permutation of the order of VFs in a series. It has been reported to provide a better estimate of overall statistical significance of change compared with PLR. 5 The significance of change in PoPLR is estimated in the context of permutated series of VFs, which assumes no change in reordered series. As there is a need for permutation in VF series, this technique cannot estimate reliably the significance of change in series with fewer than six VFs because of the limited number of possible permutations in such series. Moreover, despite a different method to estimate the overall statistical significance by PoPLR, the underlying regression model is still that of ordinary linear regression, and therefore the estimate of rate of change and the statistical significance of change at individual locations are identical to those of PLR.
Two important properties in VF measurement are not accounted for in the current methods for detecting change in VF series: nonstationary variability (increasing variability as DLS declines) and spatial correlation among test locations. Visual field measurements are subject to considerable variability, which increases as DLS deteriorates with disease progression, and eventually decreases in blind regions. [6] [7] [8] increases to 18 dB (5-27 dB) when DLS deteriorates to 20 dB. 9 This changing variability over time is referred to as nonstationary measurement variability. Furthermore, the traversing of the VF test grid by retinal nerve fibers results in correlation between spatially related locations. 10 The most widely used SAP VF measurements, such as those taken by Humphrey Visual Field Analyzer (HFA; Carl Zeiss Meditec, Dublin, CA, USA), are made in a regular grid across a patient's field of view. Aside from the neighborhood of test locations, the spatial correlation is also governed by the anatomical arrangement of the retinal nerve fibers. 11 Betz-Stablein et al. 12 incorporated such spatial correlation in six regions of VF corresponding to the six sectors of the optic disc and demonstrated improved performance in detecting VF progression. Therefore, without taking into account these statistical properties, the detection of change in VF with current methods is potentially delayed or requires more clinic visits than necessary. 13 A new trend analysis method, Analysis with Non-Stationary Weibull Error Regression and Spatial Enhancement (AN-SWERS), was proposed and validated on a large dataset acquired from electronic health records. 9 In contrast to commonly used ordinary linear regression models, which assume fixed and normally distributed errors, ANSWERS incorporates the nonstationary variability at different levels of DLS modeled as mixtures of Weibull distributions. Spatial correlation of measurements was also included in the model using a Bayesian framework. Despite its optimized statistical attributes, ANSWERS still acts as a linear regression model that outputs both the probability of no deterioration and rate of change at individual locations in the VF and can be interpreted in the same way as PLR. It also produces a global deterioration index summarizing the overall probability of change in the series. The details about derivation and implementation of ANSWERS can be found elsewhere. 9 This study compared ANSWERS with PoPLR and the linear regression of MD on a dataset from a clinical trial. The assumption was that a more accurate method for modeling VF series should (1) be more sensitive in detecting change under the same specificity and (2) predict future VFs more accurately.
METHODS
The methods under comparison included ANSWERS, PoPLR, and linear regression of MD. Additionally, in order to investigate the effect of incorporating spatial correlation in ANSWERS, its effect can be switched off and the method is referred to as ANSWER. 9 
Datasets
All VFs were measured with the HFA (Carl Zeiss Meditec) using the 24-2 test pattern and the SITA (Swedish Interactive Thresholding Algorithm) Standard testing algorithm. The test measures retinal DLS at 52 test locations excluding two points in the blind spot region.
Two datasets collected at different centers were used in this study. The first dataset contains VF series from the United Kingdom Glaucoma Treatment Study (UKGTS), 14 ,15 a randomized, double-masked placebo-controlled clinical trial testing the hypothesis that treatment with a topical prostaglandin analogue, compared with placebo, reduces the frequency of VF deterioration events. Patients were followed up for 2 years or until reaching the endpoint criteria. During the 2-year period, patients were tested at 2, 4, 7, 10, 13, 16, 18, 20, 22 , and 24 months from baseline, and two repeated VF tests were taken at baseline and at 2, 16, 18, and 24 months from baseline. Details of the dataset have been described elsewhere. 14 Visual field tests with false-positive reliability responses over 15% were discarded. Only series that were obtained over at least 4 months (three visits) were included in the analysis. Note that the length of series is purely for evaluation purposes and is not necessitated by ANSWERS. The resulting dataset consisted of 9104 VF tests from 659 series of 437 patients. The median (interquartile range [IQR]) time of follow-up was 22 (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) months, and the median (IQR) number of VFs in the series was 11 (6) (7) (8) (9) (10) (11) (12) .
The second dataset was from a study examining the testretest variability of VF test conducted at Moorfields Eye Hospital, London, United Kingdom, in a cohort of glaucoma patients. As changes in retinal function are slow in glaucoma, it is possible to estimate test measurement variability by taking repeat measurements in a short period of time under the assumption that no measurable deterioration can occur over the observation period. 6 Fifty-two eyes of 27 patients were tested 10 times over a short period (maximum 10 weeks). The variance among VFs in these repeat measures indicates the inherent measurement variability. Furthermore, the VF series for each eye, and the same series with arbitrary reordering, represent a stable series with no underlying change. The use of randomly reordered series for the estimate of measurement variability is an established method in various studies. 16, 17 Patients' data were anonymized prior to investigation and did not contain personal or sensitive information. The data were held in a secure database at City University London. As such, patients' written consent for their data to be used in the study was not required. The study adhered to the tenets of the Declaration of Helsinki and was approved by the research governance committee of City University London, United Kingdom. The anonymized dataset can be accessed upon request.
False-Positive Rate and Statistical Sensitivity for Change Detection
The false-positive rate and statistical sensitivity were compared for the four trend analysis methods. A false positive is a type I error when change is detected in a series with no true progression. The false-positive rate can be estimated in the series of repeated measurements acquired in a short period of time. Moreover, randomly reordering these repeated measurements produces additional pseudo-series where there is also no true deterioration.
The series of 10 VFs from each eye in the test-retest dataset were randomly reordered 300 times. With 52 eyes in the testretest data, 124,800 (52 3 300 3 8) pseudo-series with eight different series lengths of between 3 and 10 VFs were generated. It was assumed that five VFs per year were taken in these pseudo-series (the median test frequency in the UKGTS dataset). The false-positive rate was then estimated as the proportion of series identified as progressing. In a clinical situation, false positives may lead to overtreatment and unnecessary cost, so methods with high false-positive rates are considered not to be clinically useful.
Comparison of the different methods should be made at equivalent false-positive rates, which is dependent on the chosen change criterion and the length of the series. For PoPLR, the deterioration criterion was an overall statistical significance of change 4 smaller than a given threshold. For ANSWERS and ANSWER, the criterion was a deterioration index 9 higher than a given threshold. For linear regression of MD, the criteria were a negative slope and slope P value lower than a set threshold. For each method, a set of thresholds was chosen to achieve specified false-positive rates, and the statistical sensitivity of each method was then compared at equivalent false-positive rates.
Statistical sensitivity is a measure of identifying true change. Ideally, the sensitivity should be evaluated as the proportion of detected progression in VF series with true underlying deterioration. However, due to the lack of a gold standard and ground truth classification for glaucomatous deterioration, 18 the underlying progression status of each VF series was unknown. Therefore, the methods were compared using the positive rate, which is the proportion of series flagged as progressing in the UKGTS dataset. Given an unknown proportion (p%) of truly progressing series in the dataset, the positive rate was linked to statistical sensitivity as positive rate
Note that if the false-positive rate is controlled to be equivalent for all the methods, a higher positive rate implies better sensitivity of a method. Therefore, the positive rates of all the methods were compared as a surrogate comparison for statistical sensitivity. Moreover, when the false-positive rate is low, the positive rate is dominated by the sensitivity. Therefore when comparing two methods at lower false-positive rate, the ratio of positive rate between the methods is closer to the ratio of sensitivity. The comparison was made with series of 7, 13, 18, and 22 months from baseline.
Prediction of Future Visual Field
One important clinical question regarding modeling of VF progression is the projection of future VF loss, which is closely related to the rate of change in VF series. It was assumed that better modeling of progression would lead to a more accurate estimate for the rate of change and hence a better prediction of future VF. The comparison was carried out for ANSWERS, ANSWER, and PoPLR using the raw DLS measurements at all locations. Note that the rates of change and predictions from PoPLR are exactly those from ordinary linear regression at individual VF locations.
Subseries of the UKGTS data were used to predict the VF at the next visit, with the shortest subseries including VFs at the first three visits (4 months) from baseline. The subseries increased in length to include more visits in a chronologically ascending order. For each subseries of the same length, the three methods were used to estimate the rates of change at individual locations, which were then used to predict the VF in the subsequent visit. The prediction performance was evaluated as mean normalized squared error (MNSE) between the predicted and measured VFs across 52 locations:
The MNSE is the average squared prediction error D at corresponding locations in the UKGTS dataset. It quantifies the importance of prediction error in the context of population measurement variability, avoiding an overestimation of error in more variable measurements or an underestimation of error in less variable measurements. For instance, 1-dB error in central areas of the VF is more significant than 1-dB error in peripheral vision because the measurement variance in central vision is smaller than that in peripheral vision. The comparison of the average rate of change (mean slope across VF locations) and prediction performance was made with all subseries and with subseries of 7, 13, 18, and 22 months, respectively.
The performance in VF prediction of the three methods was also investigated with respect to the amount of change that actually occurred, estimated as mean difference between VFs being predicted and the baseline VF. All analysis was carried out using MATLAB R2013a (MathWorks, Inc., Natick, MA, USA).
RESULTS
The median (IQR) of MD in the VF data from UKGTS and testretest dataset are À1.88 (À3.83 to À0.57) and À3.08 (À8.36 to À0.84) dB, respectively.
False-Positive Rate and Statistical Sensitivity for Change Detection
The false-positive rate for any particular change criterion depends on the length of the VF series (each additional test in a series is an opportunity for a false-positive). For instance, the ANSWERS criterion for various false-positive rates and various lengths of series (number of VFs in the series) is plotted in Figure 1 . The threshold was fitted as a modulated sigmoidal function 9 of the false-positive rate and the series length, and the fitting has an r 2 > 0.99. This allows the threshold to be calculated for the series longer than 10 that is the maximum length of the series in the test-retest data. Figure 2 shows the positive rates for series of 7, 13, 18, and 22 months from baseline. Only positive rates estimated for false-positive rates between 0% and 15% (specificity 85%-100%) are displayed. Table 1 summarizes the areas under the partial positive rate curves for the different methods (Fig. 2) . Because the total area with false-positive rates between 0% and 15% was 0.15, the areas under the partial positive rate curves were normalized by being divided by 0.15.
The trend analysis methods were also compared at the 5% false-positive rate. The ratios of positive rates between pairs of methods are shown in Table 2 , where a ratio > 1 indicates a better positive rate. For instance, with subseries of 7 months, the ratio of ANSWERS over PoPLR was 1.71, indicating that the positive rate of ANSWERS is 1.71 times that of PoPLR.
In all subseries, the positive rates of ANSWERS and ANSWER were higher than those of PoPLR and linear regression of MD. Improvement was even greater in short subseries. The spatial enhancement included in ANSWERS also increased the positive rate compared with ANSWER, especially in short subseries. However, this improvement became marginal as the length of the subseries increased.
Estimate of Rate of Change
In all subseries, the average rate of change ( Both ANSWERS and ANSWER made significantly (P < 0.01, Wilcoxon signed rank test) smaller estimates of the magnitude of the rate of change compared with PoPLR. ANSWERS provided a statistically significant (P < 0.01%, Wilcoxon signed rank test) greater rate magnitude compared with ANSWER. The comparison of rate of change between ANSWERS, ANSWER, and PoPLR in subseries of 7, 13, 18, and 22 months is presented in Figures 3 and  4 , in which the relative relationship between the magnitude of the rate of change from the three methods (PoPLR > ANSWERS > ANSWER, P < 0.01% in Wilcoxon signed rank test) was consistent in all subseries, except that for 22 months, where the rate magnitude did not differ between ANSWERS and ANSWER (P ¼ 20%, Wilcoxon signed rank test). The results can be seen in Figure  3 , where the points scatter around a line with a slope of less than 1, and in Figure 4 , where the points scatter around a line with slope of more than 1, except for those at 22 months. For 13 and 18 months, although the difference between ANSWERS and ANSWER is statistically different, the amount of the difference is minimal so the points scatter closely to the diagonal line in Figure 4 .
Prediction of Future Visual Field
In all subseries of VFs, the MNSE (median [IQR]) for ANSWERS, ANSWER, and PoPLR was 54% (33%-113%), 60% (36%-122%), and 76% (43%-146%), respectively. ANSWERS provided better prediction (lower MNSE) than PoPLR and ANSWER in 75% and 71% of VFs, respectively. The MNSE from ANSWERS was significantly smaller (P ¼ 0.01%, Wilcoxon signed rank test) than those from PoPLR and ANSWER (median [95% CI] difference: 15% [10%-19%] and 2% [1%-4%], respectively). The comparison between the three methods for prediction of VFs at 10, 16, 20, and 24 months using subseries of 7, 13, 18 and 22 months is summarized in Table 3 . ANSWERS outperformed PoPLR in all Comparison was carried out with VF subseries at 7, 13, 18, and 24 months. subseries. The improvement was greater in shorter subseries. The spatial enhancement in ANSWERS made it a better predictor than ANSWER for all VF predictions except for those at the 24th month. Figure 5a shows the improvement in VF prediction by ANSWERS compared with PoPLR, where PoPLR MNSE minus ANSWERS MNSD was plotted against the amount of change (average difference between the VF being predicted and baseline VF). Seventy-five percent of VFs (above dashed line) were better predicted by ANSWERS than by PoPLR. Table 4 shows the median (95% CI) improvement of ANSWERS, compared with PoPLR and ANSWER, when predicted VFs were between À5 and 5 dB different from baseline. ANSWERS provided better prediction irrespective of the amount of change from baseline. Therefore, compared with PoPLR, although ANSWERS produced smaller magnitude of slopes (slower rate of change), it did not make larger prediction errors in faster-progressing eyes by generally flattening the slope. Moreover, the spatial correlation used in ANSWERS made it a better predictor for future VF compared with ANSWER, regardless of the difference from baseline (Fig. 5b) .
DISCUSSION
ANSWERS is a more sensitive method to detect VF progression, and is more accurate in predicting future VFs, compared to the other trend-based methods evaluated. At equivalent falsepositive rates, it detected a greater number of eyes with change compared with PoPLR and linear regression of MD. In addition, the results indicate that future VFs can be better predicted by ANSWERS than the other methods. The Weibull mixture retest distribution, compared with a normally distributed error in ordinary regression models, captures the changing variability in the measurement and leads to the significant improvement. In addition, the spatial enhancement gathers information from spatially related locations in the VF, adding or reducing weight to the observed progression at a location, thus improving further this method, especially for short time series. In clinical situations, where follow-up testing is infrequent, 19 often due to limited resources, the usefulness of ANSWERS in short series is of particular interest.
The MD of UKGTS data (median ofÀ1.88 dB) is better than that of the test-retest data (median of À3.08 dB), so the test-retest data potentially likely have higher measurement variability than the UKGTS data due to the increasing variability with decreasing DLS. Therefore, the false-positive rate for the test-retest data may be higher than that of the UKGTS data. This potential overestimation of false-positive rate affects all methods under evaluation equivalently, so the comparison among them is fair.
In this study, test-retest data were used to estimate measurement variability and false-positive rates. These data were acquired within a very short period of time (10 VFs in less than 10 weeks), and it is highly unlikely that measurable damage occurred in this period. However, the patients from whom this dataset was derived may have gained psychophysical experience more quickly than those in the clinic who undertake perimetric tests much less frequently, and therefore measurements obtained from these patients could have lower variability compared with those obtained in clinical practice. However, the methods evaluated in this study were compared using the common ground of the same test-retest data. If the test-retest dataset does have lower variability than the trial dataset, with specificity overestimated, the positive rate may be slightly overestimated. Notably, the prediction of future VF acted as a separate validation of the statistical methods, independent of the test-retest data. The last two rows summarize the median (95% CI) MNSE difference between ANSWER and ANSWERS, and between PoPLR and ANSWERS. * A statistically significant (P < 1% in Wilcoxon signed rank test) difference. All the trend analysis methods compared in this study assumed a linear change in the VF subseries. 20 This is because there are insufficient data to identify nonlinear change, should it exist, owing to the relatively short VF series acquired in clinical practice. 13, 19 A recent study indicated that change in VF series may follow a nonlinear trend such as an exponential function. 21 It is, however, simple to configure ANSWERS to model nonlinear change 9 in long VF series. Moreover, PoPLR was used to determine criteria for progression in PLR; however, other criteria defined on the combinations of slope and statistical significance are possible. 22 It is important to note that a perfect prediction of future VF cannot be achieved currently, owing to the variability in measurements; the VF being predicted itself includes measurement error. The performance of statistical methods is thus limited by data acquisition techniques.
In conclusion, ANSWERS provides an analytical tool in a ''landscape of uncertainty'' in modeling VF progression. This new technique has the potential to help improve clinical management decisions. In addition, it can be used to help define better and more relevant endpoints for clinical trials, which could help increase the efficiency of trials and decrease their duration and cost.
